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Abstract:  Well-characterized  solid-state  laser  materials  are  evaluated  for  performance  in 
radiation  balanced  laser  systems.  New  figures-of-merit  are  developed  and  applied  to 
ytterbium  doped  materials.  Superior  performance  is  predicted  for  high  cross  section 
tungstate  materials.  Photothermal  deflection  experiments  on  samples  of  Yb3+  doped 
KGd(W04)2  confirm  anti-Stokes  fluorescence  cooling.  Observations  of  optical  cooling  in 
this  high  figure-of-merit  material  confirm  the  potential  of  this  approach  for  laser  power 
scaling. 
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Introduction 

The  physical  mechanism  of  radiation  cooling  by  anti-Stokes  fluorescence  was  originally  proposed  in 
1929  [1].  It  can  be  easily  understood.  Absorption  of  a  photon  can  temporarily  push  an  atom  away  from 
thermal  equilibrium  with  its  surroundings.  If  the  atom  then  spontaneously  emits  after  thermal 
equilibrium  has  been  re-established,  any  frequency  shift  in  the  fluorescence  compared  to  the  absorbed 
radiation  results  in  a  net  heating  or  cooling  of  the  material.  While  simple  in  concept,  to  obtain  radiative 
cooling  in  practice  requires  materials  with  near  unity  fluorescence  efficiency.  Anti-Stokes  cooling  was 
first  reported  in  1981  for  C02  gas  [2],  in  1995  and  1996  for  organic  dye  solutions  [3,4],  and  in  1995  for 
ytterbium  doped  ZBLANP  glass  [5,6]. 

It  has  been  proposed  that  solid-state  lasers  could  be  constructed  in  which  the  cooling  of  anti-Stokes 
fluorescence  would  offset  heat  generated  by  stimulated  emission  [7].  This  mode  of  laser  operation  is 
referred  to  as  radiation  balanced  (RB)  lasing.  Unlike  conventional  exothermic  laser  systems,  RB  lasers 
would  exhibit  little  or  no  internal  heat  generation.  In  principle,  this  technique  would  allow  RB  lasers  to 
be  scaled  up  to  much  higher  average  powers  than  conventional  solid-state  laser  systems.  In  this  paper, 
we  evaluate  a  range  of  well-characterized  ytterbium  doped  laser  materials  for  operation  as  RB  lasers. 
Crystalline  hosts  are  emphasized  instead  of  glasses  because  of  their  generally  higher  cross  sections  and 
well-defined  micro-environments.  Optical  cooling  experiments  on  a  few  materials  confirm  the  potential 
of  this  approach. 
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Steady  State  Radiation  Balanced  Lasing 


For  ytterbium  doped  materials,  the  process  of  RB  lasing  begins  with  absorption  at  the  pump 
wavelength,  XP,  near  1.0  pm.  This  excites  trivalent  ytterbium  ions  from  the  2F7/2  ground  state  to  the  2F5/2 
excited  state.  Both  of  these  states  are  Stark  split  into  several  closely  spaced  energy  levels.  The 
picosecond  timescale  for  phonon  coupling  of  these  levels  to  the  lattice  combined  with  the  millisecond 
spontaneous  lifetime  ensure  Boltzmann  distributions  for  both  of  the  (2J+l)/2  multiplets.  At  any 
particular  temperature,  this  equilibrium  distribution  can  be  conveniently  expressedin  terms  of  the 
effective  cross  sections  for  absorption,  oA(X),  and  emission  oE(X)  by  the  relation 

B  .  a) 

Spontaneous  emission  of  the  2F5/2  excited  state  occurs  in  a  time  x  and  yields  a  broadband  fluorescence 
spectra  IF(X)  with  a  mean  wavelength  of 
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In  the  absence  of  radiative  trapping  or  quenching,  a  red  shift  of  the  pump  from  the  mean  wavelength  will 
result  in  a  net  cooling  of  the  material.  Under  appropriate  conditions,  laser  emission  can  occur  at  XL, 
usually  near  1.03  pm.  If  the  pump  wavelength  satisfies  the  condition 

3.F<?ip<?iL,  (3) 


then  radiation  balance  can  occur.  Radiation  balance  describes  the  condition  when  the  absorbed  power 
density  matches  the  radiated  power  density  at  each  point  within  the  mode  volume.  This  balance  can  be 
established  and  maintained  through  control  of  the  pump  intensity,  IP,  and  laser  intensity,  IL  [7].  For 
materials  with  near  unity  fluorescence  yield,  steady  state  RB  will  occur  when  these  intensities  satisfy 
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where  the  RB  saturation  intensities  I,  and  Ip  are  defined  as 
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As  the  intensities  get  large,  Eq.  4  leads  to  minimum  values  for  the  pump  and  laser  intensities  that  satisfy 
the  RB  condition: 


I 


pmin 


pqL)  l 

P(Xp)-P(Xl)  Ps 


and 


PM  l 

P(X,p)-P(X,L)  L' 


(6) 


With  the  above  relations,  it  is  easy  to  show  that  the  internal  optical  efficiency,  T|0,  for  a  cw  RB  laser 
must  be  simply 
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Including  the  effects  of  pump  saturation  in  a  system  with  an  active  ion  density  of  Nx,  a  simple 
expression  can  also  be  derived  for  the  optical  coupling  efficiency  per  unit  length,  r|L,  in  cw  RB  lasers 
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Finally,  like  any  other  quasi-two  level  laser,  the  maximum  small-signal  gain  coefficient,  gmax,  which 
occurs  for  very  high  pump  intensities  can  be  written  as 
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Using  the  above  steady  state  analysis,  we  can  predict  and  compare  RB  laser  performance  for 
different  materials.  The  first  step  is  to  identify  the  correct  operating  wavelengths  for  each  material.  In 
order  to  optimize  both  gain  and  efficiency  for  each  material,  we  select  the  laser  wavelength,  X0L,  and 

pump  wavelength,  AoP,  that  maximize  the  product  of  gmax  and  r\L.  This  procedure  gives  unambiguous 
optimal  values  for  both  wavelengths.  Once  these  optimum  wavelengths  are  found,  different  materials 
can  be  compared  using  the  following  figures-of-merit: 
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Materials  with  high  values  of  Feff  and  Fgain  should  exhibit  superior  performance  as  radiation  balanced 
lasers. 

The  optimization  scheme  described  above  is  convenient  and  robust  for  a  broad  range  of  materials.  It 
gives  a  good  compromise  between  best  efficiency  and  best  gain.  In  practice  however,  a  laser  designer 
may  elect  to  minimize  the  required  pump  intensity  in  order  to  facilitate  construction  of  the  pump  source. 
Alternatively,  one  may  choose  to  increase  the  separation  between  pump  and  laser  wavelengths  to 
facilitate  optical  coatings  or  optimize  the  laser  for  best  gain.  The  impact  of  shifting  the  operating 
wavelengths  varies  substantially  from  one  laser  material  to  another.  In  the  next  section,  we  will  use  Eqs. 
10  and  11  to  compare  some  well-known  ytterbium  doped  materials. 


Ytterbium  Doped  RB  Laser  Materials 


The  figures-of-merit  developed  in  the  previous  section  can  be  immediately  computed  for  any 
material  and  temperature  from  precise  absorption  and  emission  cross  section  spectra.  However,  since 
these  figures-of-merit  are  quite  sensitive  to  weak  absorption  in  the  long  wavelength  wings,  it  is  often 
preferable  to  use  the  reciprocity  principle  for  the  calculations.  If  the  energy  levels  of  the  upper  and  lower 
manifolds  are  known,  then  the  red  wing  of  the  absorption  cross  section  can  usually  be  more  accurately 
calculated  from  the  emission  data.  Also  the  (3(A)  functions  can  be  computed  directly  using 
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Here  Z2  and  Z,  are  the  thermal  partition  functions  of  the  upper  and  lower  states,  and  82  is  the  energy 
difference  between  the  lowest  levels  in  these  two  states. 
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Table  1.  Parameters  characterizing  optimal  RB  lasing  of  18  different  Yb,+  doped  materials. 


Table  1  details  the  eighteen  different  ytterbium  doped  laser  materials  included  in  this  study. 
Emission  and  absorption  spectral  data  for  each  material  were  digitized  from  previous  reports  in  the 
literature  [6,8-22].  Reported  values  of  the  energy  levels  within  the  2F7/2  ground  state  and  the  2F5/2  excited 
state  were  used  to  compute  the  partition  and  (3()i)  functions.  When  necessary,  emission  spectra  were 
scaled  to  effective  cross  sections  through  comparison  with  the  reciprocity  calculated  wing  emission.  The 
scale  of  each  emission  spectrum  was  checked  with  the  reported  fluorescence  lifetime  via  the  Fiichtbauer- 
Fadenburg  equation.  Where  possible,  carefully  measured  laser  absorption  coefficients  were  used  to 
check  the  published  spectra.  Reported  absorption  spectra  were  also  compared  to  measured  spectra  on  the 


samples  tested  for  optical  cooling  as  discussed  in  the  next  section.  For  anisotropic  materials,  polarized 
emission  data  were  averaged  to  compute  XF  and  the  pump  and  laser  polarizations  were  selected  to 
optimize  the  figures-of-merit.  For  a  few  materials,  no  reports  of  the  manifold  energy  levels  were  found 
in  the  literature.  In  these  cases,  the  room  temperature  partition  functions  were  approximated  as  unity. 
Numerical  studies  on  the  well-known  materials  revealed  that  this  approximation  only  weakly  impacts 
the  results  of  the  calculations. 

Note  the  wide  range  of  values  for  the  figures-of-merit  that  these  materials  exhibit.  This  is  because 
RB  lasers  are  very  sensitive  to  the  shape  as  well  as  the  magnitude  of  the  red  wing  spectral  data.  Broad 
spectral  bands  and  high  cross  sections  are  very  favorable.  Based  on  this  spectral  analysis,  we  predict  that 
Yb3+  doped  KY(W04)2  and  KGd(W04)2  will  exhibit  superior  laser  performance  in  RB  laser  systems. 
They  exhibit  figures-of-merit  nearly  an  order  of  magnitude  higher  than  any  other  material  considered. 
These  predictions  are  based  on  the  assumption  that  the  materials  can  exhibit  near  unity  quantum 
efficiency  in  practice.  The  validity  of  this  assumption  is  tested  in  the  next  section. 

Anti-Stokes  Optical  Cooling  Experiments 

In  order  to  determine  actual  quantum  efficiencies,  a  photothermal  deflection  spectrometer  was 
constructed  using  a  tunable  titanium- sapphire  laser  as  the  pump  source  and  a  helium-neon  laser  as  the 
probe.  The  cw  pump  source  was  chopped  at  a  slow  rate  and  focused  into  a  sample  material.  The  helium- 
neon  probe  beam  counter-propagates  through  the  sample  and  is  slightly  deflected  by  the  thermal 
transient.  Deflections  are  measured  several  meters  away  on  a  large-area  dual-cathode  silicon  diode.  With 
minimum  vibrations  and  air  turbulence,  angular  deflections  as  small  as  0.01  prad  could  be  resolved.  A 
small  diameter  probe  beam  (50  pm)  ensures  that  the  photothermal  deflection  is  not  sensitive  to  radiation 
trapping  inside  bulk  samples.  Tuning  of  the  pump  source  allows  for  direct  determination  of  the  heat 
generated  by  the  pump  absorption.  As  the  pump  beam  is  tuned  to  longer  wavelengths  the  amplitude  of 
the  deflection  decreases.  Optical  cooling  is  indicated  by  when  the  transient  deflection  decreases  to  zero 
and  then  changes  sign.  Used  in  this  way,  the  photothermal  deflection  technique  can  detect  small 
deviations  from  ideal  radiative  decay. 

Photothermal  deflection  experiments  were  conducted  on  high  quality  samples  of  lightly  ytterbium 
doped  Y3A15Oi2  (YAG),  LiYF4  (YLF),  KGd(W04)2  (KGW),  and  ZBLANP  glass.  Chopping  of  the  pump 
beam  for  50  milliseconds  produced  a  transient  deflection  of  the  HeNe  probe.  The  peaks  of  the  transient 
deflection  signals  were  recorded  while  the  pump  was  tuned  over  a  range  of  940  to  1030  nm.  Incident 
pump  power  was  recorded  since  it  also  varied  during  the  tuning.  Absorbed  power  density  was  computed 
from  the  incident  power  and  measured  absorption  spectra.  Optical  cooling  was  observed  for  long 
wavelength  pumping  of  the  samples  of  KGW  and  ZBLANP,  while  only  heating  was  observed  for  the 
YAG  and  YLF  samples.  Weak  green  fluorescence  at  530  to  560  nm  was  visible  in  all  samples, 
indicating  some  level  of  residual  impurities,  possibly  erbium. 

When  the  measured  photothermal  deflection  signals  are  normalized  by  the  absorbed  pump  power, 
they  yield  a  number  proportional  to  the  internal  heat  generation  rate  of  the  material.  Plotting  this 
normalized  signal  in  Fig.  1,  the  spectral  dependence  of  the  internal  heat  generation  is  revealed.  Mungan 
and  Gosnell  have  shown  that  this  type  of  data  can  be  analyzed  using  a  simple  rate  equation  model  [6]. 
This  model  includes  steady  state  excitation  and  spontaneous  emission  of  the  Yb3+  2F5/2  level.  To  account 
for  possible  heating  due  to  nonradiative  decay  routes,  they  included  a  background  nonsaturable  pump 
absorption  coefficient,  ab,  and  a  direct  linear  quenching  power  per  ion,  K.  According  to  the  model,  the 
spectral  dependence  of  the  rate  of  laser-induced  heating,  p ,  is  given  by 
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where  I P  is  the  unsaturated  pump  intensity  and  a(A,P)  is  the  Yb3+  absorption  coefficient.  Let  A.(l  represent 
the  wavelength  of  the  photothermal  deflection  crossover  from  heating  to  cooling.  The  degree  of 
nonradiative  decay  in  a  particular  sample  can  then  be  quantified  by  the  fractional  shift  in  the  actual 
deflection  crossover  from  that  of  an  ideal  radiator,  XF; 
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In  words,  the  fractional  shift  in  the  crossover  wavelength  is  simply  equal  to  the  sum  of  the  ratio  of  the 
background  to  the  ytterbium  absorption  plus  the  fraction  of  excited  ytterbium  ions  that  decay  via 
quenching. 


Pump  wavelength  (nm) 


Figure  1.  Normalized  deflection  signal  as  a  function  of  pump  wavelength.  Negative  signals  indicate  heating,  while  positive 
signals  indicate  cooling.  The  pump  polarization  is  indicated  in  parentheses  for  the  anisotropic  samples. 

Figure  1  illustrates  the  usefulness  of  this  technique  for  evaluating  material  quality.  The  samples  of 
ZBLANP  and  KGW  exhibit  0.0%  and  1.6%  degrees  of  nonradiative  decay,  respectively.  The  value  for 
KGW  is  uncertain  to  within  0.5%  because  of  potential  inaccuracies  in  the  spectral  data  of  this  relatively 
new  biaxial  material.  Fluorescence  and  absorption  spectra  of  the  other  materials  are  better  known  and 
therefore  estimates  of  the  actual  mean  fluorescence  wavelength,  XF,  are  more  reliable.  Extrapolating  the 
deflection  crossovers  for  the  YLF  and  YAG  samples  in  Fig.  1  yield  estimates  of  8.0%  and  9.2%  degrees 


of  nonradiative  decay,  respectively.  These  are  significant  heat  generation  rates,  even  for  conventional 
Yb3+  laser  systems.  Clearly,  further  work  on  material  refinement  will  be  required  to  identify  this  loss 
mechanism  and  improve  these  laser  materials. 

Summary 

Optimal  performance  criteria  are  derived  for  steady  state  radiation  balanced  lasers.  A  spectral 
analysis  of  selected  ytterbium  doped  materials  reveals  KY(W04)2  and  KGd(W04)2  to  be  the  most 
promising.  These  crystals  have  figures-of-merit  an  order  of  magnitude  higher  than  those  of  Yb:YAG,  the 
most  widely  used  1.03  pm  laser  material.  Optical  pumping  experiments  confirm  the  potential  of  these 
tungstate  materials.  Anti-Stokes  cooling  is  reported  at  room  temperature  in  3.5%  Yb  doped  KGd(W04)2 
crystals.  Initial  as-obtained  samples  of  this  material  exhibited  a  98.4%  radiative  quantum  efficiency. 
This  is  the  first  report  of  optical  cooling  in  a  crystal  and  the  first  step  towards  the  demonstration  of  a 
new  class  of  very  high  power  solid-state  lasers. 
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